We report the etching of and electronic transport in nanoribbons of graphene sandwiched between atomically flat hexagonal boron nitride (h-BN). The etching of ribbons of varying width was achieved with a focused beam of 30 keV He þ ions. Using in-situ electrical measurements, we established a critical dose of 7000 ions nm À2 for creating a 10 nm wide insulating barrier between a nanoribbon and the rest of the encapsulated graphene. Subsequently, we measured the transport properties of the ion-beam etched graphene nanoribbons. Conductance measurements at 4 K show an energy gap, that increases with decreasing ribbon width. The narrowest ribbons show a weak dependence of the conductance on the Fermi energy. Furthermore, we observed power-law scaling in the measured current-voltage (I-V) curves, indicating that the conductance in the helium-ion-beam etched encapsulated graphene nanoribbons is governed by Coulomb blockade.
Introduction
Graphene-based research has seen significant developments in the past decade, thanks to its unique band structure and extremely high mobilities [1, 2] . Despite the high mobilities, graphene is a semi-metal without a bandgap which precludes applications in post-silicon electronics. Nevertheless, one can modify the electronic band structure by trimming graphene into nanoribbons. Under this geometrical constriction, quantum confinement and edge effects lead to a finite source-drain gap or a transport gap [3, 4] . In their review paper, Bischoff et al. [4] noted that a stern distinction has to be made between a source-drain gap di.e., the suppression of conductance in a limited source-drain voltage ranged and a transport gap d i.e., the suppression in a limited gate voltage range. Also, it is known that the gap is greatly influenced by the presence of disorder in the graphene nanoribbons (GNRs) themselves [4, 5] . Numerous techniques have been developed to create nanoribbons in graphene, such as plasma etching [4,6e9] . It is not straightforward, however, to make near-defect-free nanoribbons using the aforementioned techniques and, hence, it remains unclear how much the conductance and the presence of a gap are affected by edge effects, quantum confinement, and disorder [4] .
Graphene devices are often fabricated on oxidized silicon substrates (SiO 2 ), which unfortunately lowers the mobility due to the presence of electron-hole puddles [22] , charged impurity scattering [23] , and contamination [18] . These adverse issues can be suppressed by encapsulating the graphene in hexagonal boron nitride (h-BN) [24] . As a consequence, the mobility in encapsulated graphene is typically an order of magnitude higher, comparable to that in suspended graphene [2, 25, 26] . In fact, Wang et al. [2] developed encapsulation with the specific purpose to safeguard graphene from effects caused by surface contaminations, such as PMMA residues introduced during device fabrication.
Because of its short de-Broglie wavelength, its sub-nanometer probe size, and the small beam spreading in materials [18, 27, 28] , the focused ion beam (FIB) of a helium ion microscope (HIM) is an attractive tool for precise etching of encapsulated graphene devices. A recent experiment by Abbas et al. [21] with a He-FIB has shown indications of bandgap opening in arrays of 5 nm wide graphene ribbons. Also, Nakaharai et al. [29] have shown, by conductance tuning, bandgap opening in narrow graphene channels, etched with a He þ beam. However, these measurements show very low conductance (~10,000 times higher resistivity than for pristine graphene), likely caused by the high number of beam defects and their pinning of surface contaminants. Since the paper by Kalhor et al. [30] it is known that exposure of graphene to helium ions leads to collateral damage in the non-exposed adjacent areas and to ion-beam-induced surface contamination [18] . A recent study by Nanda et al. [24] has shown that encapsulation of graphene in h-BN, with a 15 nm top h-BN layer, slows down the build-up of He þ beam damage in the exposed graphene and precludes detrimental effects due to beam-induced surface contamination. Moreover, this material shows n-doping and self-healing. [24, 32] . Ribbons were cut with a focused helium ion beam and devices were made by e-beam lithography, plasma etching, and Cr/Au deposition. Details of the entire procedure are reported in the supplementary data.
Experimental

Helium beam exposures and in-situ measurements
The fabrication procedure of the encapsulated graphene samples was similar to that of Nanda et al. [24] . We verified optically that the thickness of the top h-BN layer of all samples was 15 nm or less. Ion irradiation has been performed using a Carl Zeiss Orion NanoFab helium/neon ion microscope and the NPVE pattern generator from FIBICS Inc. The NanoFab is equipped with four MM3A-EM Kleindiek micro-manipulators for in-situ electrical probing. We used a 30 keV He þ beam at normal incidence and an ion current of 0.5 pA. The beam dwell time was 0.2 ms and the beam step size 0.2 nm. The smallest aperture of 5 mm was selected, giving the narrowest ion beam. The number of repeats was varied to achieve the desired dose (in steps of 1000 ions nm À2 ). Before each exposure, we took a low-resolution and low-dose image ( 0.5 ions nm À2 ) to locate the sample.
In-situ conductivity measurements in the ion microscope have been performed using two micro-manipulators with tungsten probes having tip radii below 100 nm. To minimize damage to the BN/Gr/BN sandwich, the probes have been carefully brought into contact with the patterned gold leads. With a third probe placed onto the gold leads we checked that low resistance between the first two probes and the gold lead had been established. A source meter connected to the probes was used to measure the conductivity during ion irradiation.
Electrical and Raman spectroscopy measurements
Low-temperature direct current (DC) measurements were performed in a Leiden Cryogenics MCK-50 3He/4He dilution fridge. The DC currents and voltages were applied and probed with a home-built set-up. We carried out our low-temperature measurements at 4 K, although the set-up is able to reach a base temperature of 40 mK. Raman spectroscopy measurements were performed in air at room temperature with a Renishaw inVia Raman microscope. The spectrometer is equipped with a 514 nm laser with $ 350 nm spot size. Sample heating is avoided by keeping the laser power below 1 mW. , where the circuit became open. In this regard, the in-situ measurements provide a unique knob to monitor the endpoint detection and dose determination of the encapsulated graphene devices. Although this critical dose is specific for our experimental conditions, we expect that scaling via the nuclear energy loss, ion-target mass ratios, and binding energies can be used to estimate the critical dose for other ion species and energies and other encapsulated 2D materials. Subsequently, we used this critical dose to etch nanoribbons in encapsulated graphene of 200 nm in length and with widths of 90, 70, 50, 35, 25, and 10 nm. Fig. 2aec shows helium ion micrographs of various GNRs. Fig. 2d shows a device (Dev1), also shown in Fig. 1b , where a dose of 7000 ions nm À2 is applied to make a 35 nm wide ribbon. The two side contacts (SC1 and SC2) are used to check that there is no residual conductivity between the isolated regions. The inset shows that indeed no measurable current flowed between SC1 and SC2; the resistance is > 1 GU. Fig. 2e shows an AFM image of three 10 nm line exposures with 7000 ions nm À2 . The full-width-at-half-maximum (FWHM) of the etched line is 10 nm, see the AFM profile. Note that the widths of the etch line in the HIM image (Fig. 2b ) and in the AFM profile are both equal to the designed line width of 10 nm. We performed Raman mapping around the etched line to investigate the lateral damage in the exposed graphene. Ioninduced defects in single-layer graphene can be studied via the evolution of the D-peak in the Raman spectrum [33e35]. The Raman map of the D-peak is shown in Fig. 2f . Because of the narrow and localized interaction volume of the He þ beam in the outermost few dozens of nanometers [24, 31, 36] , most of the ion beam damage is expected to be concentrated in the 10 nm etched lines. Yet, the measured D-peak intensity decays up to $ 200 nm on both sides of the exposure area. This result is, however, limited by the relatively large laser spot size ($ 350 nm) of our Raman spectrometer. Fig. 2g shows Raman spectra before and after etching. Before etching, the signature of single-layer graphene is clearly discernible; in particular the 2D peak intensity is $ 4 times higher than that of the G peak and a D peak is absent, both are signs of high-quality graphene. After etching, a small but significant D-peak is visible as a shoulder on the h-BN peak at 1345 cm
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, thus indicating atomic disorder [24, 34] . The 2D peak is still visible, which indicates that the crystalline structure of graphene is still partly intact within the probe size ($350 nm) of the Raman beam [24, 37] .
Low-temperature transport in GNRs
To characterize the electronic properties of the GNRs, transport measurements were conducted. The room temperature current- voltage (I-V) characteristics in Fig. 3a show a linear behaviour in the 35 and 50 nm wide ribbons and a slight non-linearity in the 25 nm ribbon. The room temperature resistivity of the 50 nm wide ribbon is $ 50 kU=,. The inset shows the conductance (1/R) of the 10e50 nm wide ribbons, all made from the same stack, as a function of the ribbon width. Except for the smallest ribbon, the conductance increases more or less linearly with the width, suggesting a $ 8 nm inactive layer at both edges of the ribbons. As we cool the samples to 4 K, non-linearity clearly appears, see Fig. 3b for the 35 nm ribbon. The non-linearity in the I-V characteristics depends on the ribbon width, see Fig. 3c . Fig. 3d shows the differential conductance ðdI=dVÞ of the 35 nm wide ribbon at 4 K as a function of the bias voltage V SD ; approaching zero in the $ 100 mV range around zero bias voltage. The appearance of non-linear I-V characteristics is an indication of an energy gap ðE gap Þ in the GNRs [15, 38] . Non-linear I-V characteristics have recently been reported for He þ beam etched ribbons in supported graphene [29] and for electron beam etched ribbons in suspended graphene [15, 16] . Fig. 4 shows DC-conductance measurements at 4 K. We studied the influence of the voltage applied to the bottom gate ðV BG Þ on the source-drain current ðI SD Þ. Note that the I SD of the narrowest ribbons is low because of their high resistance; therefore we applied a higher V SD bias for the 25 and 35 nm ribbons. One can clearly see that the position of the minimum current shifts to more negative V BG with decreasing width, thus indicating a higher electron doping level in the narrower ribbons. This effect is due to beam induced ndoping of graphene, likely by collision-induced C-N exchange [24] . Apparently, the strong n-doping of the 25 nm ribbon is due to the close proximity of the central region of the ribbon to the heavily damaged regions near its edges.
From the DC-conductance as a function of gate bias ðV BG Þ and source-drain bias ðV SD Þ, one can estimate the energy of the sourcedrain gap [6e8]. Previous bias spectroscopy measurements in narrow ribbons have shown the formation of overlapping Coulomb diamonds, signifying suppression in conductance by Coulomb blockade [4,6e8] . The Coulomb blockade is caused by the interaction between charge carriers and localized charges, e:g: of islands, impurities or defects [4] . Therefore, the energy gap is related to the voltage of the largest diamond ðV Ã SD Þ as E gap ¼ eV Ã SD [6e8] (see the arrow in Fig. 4b) . The 90 nm ribbon shows a small source-drain gap ( < 5 meV) which is gate dependant. As the width of the ribbon decreases, E gap increases, reaching a maximum of 180 meV in the 25 nm wide ribbon. Also, one can notice that the gate response of the 25 nm ribbon is very weak. The E gap in our 25 nm ribbon is larger than the gap reported by Han et al. [6] for 25 nm ribbons made by plasma etching, in fact, it is close to the value for their 15 nm ribbons. This discrepancy could be due to extra beaminduced damage near the edges of our GNRs. As mentioned before, there is an inactive strip of $ 8 nm wide at the edges of the ribbons, see the inset of Fig. 3a .
In contrast, Evaldsson et al. [3] inferred that not Coulomb blockade but Anderson-type localization, induced by edge disorder, is responsible for the energy gap in plasma-etched GNRs. Naitou et al. [39] have observed a metal-insulator transition in supported graphene for a He þ beam dose of 120 ions nm À2 . They also related this transition to Anderson-type localization caused by beaminduced disorder; they estimated the localization length to lie between 20 and 50 nm. The beam-induced disorder near the edges of our ribbons was very high and, therefore, we expect a finite region in the GNR to be non-conducting (discussed later in Fig. 5 ). Indeed, our 10 nm wide ribbons did not show any conductance and the other ribbons had an inactive region of $ 8 nm at each edge. This value is in reasonably good agreement with the disorder radius of at least 10 nm, i:e: half the minimal localization length, found by Naitou et al. [39] . Moreover, it is only slightly larger than that of the GNRs of Han et al. [6] : 7 nm at each edge in conductance measurements at 1.7 K.
Model for defect-induced transport in GNRs
The disorder arising from beam-induced defects breaks the ideal two-dimensional (2-D) lattice of graphene down into isolated islands, causing inhomogeneities in the charge distribution and in conductance when voltages are applied [40] . A sketch illustrating the presumed damage extent in our graphene exposed to the etching He þ beam is shown in Fig. 5a . In general, focused ion beams have a Gaussian shape with finite tails [41] . For our He þ beam, unfortunately, of unknown width and intensity. We assume that the lateral extent of the damage in our encapsulated graphene is determined by ions from the beam tail, by beam broadening in the top h-BN layer, by defect diffusion, and by edge modification via C-N exchange. Also backscattered ions and recoiled atoms can cause damage in the graphene outside the exposure areas. Recoiled atoms, however, do not travel far and have little energy, whereas backscattered helium ions in low-Z materials such as BN are rare and dispersed over a wide area. The He þ beam broadening in h-BN encapsulated graphene has been studied previously by Nanda et al. [24] using SRIM simulations: it is less than 1 nm in 15 nm h-BN. The extent of the other mechanisms is largely unknown, but obviously they are relatively more severe for the smaller ribbons. Fig. 5b shows a sketch of islands and defect sites in a narrow (upper) and a wide GNR (lower), inspired by a similar figure in Ref. [42] . The transport through the narrow GNR is predominantly governed by charge hopping between the islands and the defects, showing up as Coulomb blockade. The wide GNRs have also a central region with a low defect density, allowing charge carriers to reach the drain electrode with or without scattering.
For our smaller GNRs (25 and 35 nm), diamonds of suppressed conductance overlap (see Fig. 4b ), similarly as described by Gallagher et al. for quantum dots in GNRs [8] . To provide more evidence of the presence of localized states in our GNRs, we analyzed the I-V characteristics using the model of Middleton and Wingreen (MW) [43] , who have studied the transport in arrays of metallic dots. In their work, the current I scales as:
where z is a power-law exponent and V t is the threshold voltage below which the current is virtually absent. Above V t , the applied source-drain bias is large enough to populate the islands with electrons or holes, causing the current to flow through the entire nanoribbon. Previous experiments have shown this scaling behaviour in arrays of metallic islands [44] , in graphene quantum dot arrays [40] , in disordered MoS 2 nanoflakes [42] , and in a quantum dot lattice in GaAs [45] . Fig. 5c shows the measured current in our narrower ribbons on a log-log scale, obeying indeed the scaling law of Equation (1 dominant path or with a small number of preferred paths, z equals 1, whereas for a 2-D system it is between 1.6 and 2 [42, 43] . Since z is always $ 1.3 in our nanoribbons, we conclude that the transport in all ribbons is mediated by multiple hops of the charge carriers between localized states and islands, mainly dispersed along the ribbon length. Contrary to intuition, we do not see in the hopping conductance a gradual transition from a 1-D character in the narrowest ribbons ($30 nm) to a more 2-D character in the wider ones ($80 nm). The corresponding transport mechanism in our ribbons is sketched in Fig. 5b .
Conclusions
We have demonstrated the successful fabrication of nanoribbon devices in h-BN encapsulated graphene via etching with a focused He þ beam. We have measured the conductance of graphene nanoribbons (GNRs) with widths between 25 and 90 nm. At room temperature and without gate bias, the resistivity of the wider ribbons ( > 50 nm) was typically $ 50 kU=,, about 5e10 times higher than that of the pristine graphene. The bias spectroscopy measurements of the wider ribbons show Coulomb diamonds in a limited gate-voltage range. However, for the narrow ribbons, Coulomb diamonds had merged and formed a broad band with an almost constant energy gap, independent of the Fermi energy. At 4 K, we found an energy gap ðE gap Þ of 180 meV for the 25 nm wide ribbon. The narrower ribbons exhibited higher resistivities and a higher E gap , likely due to the influence of $ 8 nm wide inactive strips at their edges. Unfortunately, our Raman spectrometer cannot resolve the disorder radius; for that purpose tip-enhanced Raman spectroscopy (TERS) would be needed. The I-V characteristics of the GNRs follow power-law scaling with an exponent z of 1.3 ± 0.1, confirming that Coulomb blockade determines the charge transport [40, 43, 44] . In our understanding, the quantum dots, responsible for the Coulomb blockade, are generated by beaminduced disorder. It would be very interesting to measure the beam-induced exchange of atoms between the graphene and the encapsulating BN material, for instance by local optical techniques that probe C-N or C-B bonds.
In conclusion, the transport in our FIB-etched encapsulated GNRs is best described in terms of a series of overlapping quantum dots, in which the current suppression is due to Coulomb blockade. We attribute the almost complete disappearance of conductance in previous studies on unprotected graphene [17e21, 29, 30 ] to contamination that is aggravated by beam-induced disorder. Finally, we note that the in-situ current probes in the helium ion microscope are very useful for efficient dose optimization and endpoint detection during focused ion beam etching. We expect that the findings of this study are crucial for focused ion beam nanopatterning of 2-D materials for the realization of e.g. electronic and spintronic nanodevices.
